Shosaiko-to (TJ-9), a drug-extract preparation comprised of 7 kinds of herbal components, is one of the most commonly used Kampo medicines being mainly indicated for chronic liver injury in Japan. Recently, over 200 cases of interstitial pneumonia have been reported resulting from TJ-9 therapy.
Induction of Apoptosis in Human Lung Fibroblasts and Peripheral Lymphocytes in Vitro by Shosaiko-to Derived Phenolic Metabolites
Zhen-Li LIU, 1) Sachiko TANAKA, Hiroshi HORIGOME, Toshihiko HIRANO,* and Kitaro OKA Shosaiko-to is a Kampo medicine used for the treatment of chronic hepatitis in Japan. Lately, over 200 cases of interstitial pneumonia have been reported resulting from Shosaiko-to therapy, and the number of cases increased when patients were administrated interferon (IFN)-a a at the same time. However, the mechanisms of this Shosaiko-to implicated interstitial pneumonia are not fully understood. In this study, we examined by flow cytometry analysis the in vitro effects of 7 phenolic compounds (lignans and flavonoids), which were detected from human urine after administration of Shosaiko-to, and IFN-a a on inducing apoptosis in human lung fibroblasts and peripheral blood mononuclear cells (PBMCs). Among the 7 compounds, baicalein and medicarpin (10 m mg/ml) showed significant apoptosis-inducing effects on human PBMCs. In human lung fibroblasts, medicarpin exhibited a significantly higher activity to induce apoptosis compared to the control, and the percentage of cells undergoing apoptosis showed time-and dose-dependent increases. Baicalein (0.1 and 1 m mg/ml), liquiritigenin (10 m mg/ml) and davidigenin (10 m mg/ml) also showed significant effects after 96 h treatment. Whereas, baicalin, oroxylin A and wogonin did not show any effect on inducing apoptosis in PBMCs and fibroblasts. Baicalein and medicarpin significantly inhibited the growth and reduced the viability of lung fibroblasts. IFN-a a had no apoptosis-inducing effect, and it did not show synergistic interaction with any of the compounds derived from Shosaikoto on inducing apoptosis in both human lung fibroblasts and PBMCs. These results suggested that phenolic compounds found in human post-administrative urine of Shosaiko-to, especially baicalein and medicarpin, exhibited a direct effect on human lung fibroblasts and immune cells to induce apoptosis.
Key words shosaiko-to; human lung fibroblast; apoptosis; human peripheral lymphocyte; phenolic compound Baicalin, baicalein, wogonin, oroxylin A, medicarpin and liquiritigenin were found in both constitutional herbal extracts and post-administrative urine of TJ-9. The metabolite, davidigenin was found only in post-administrative urine of TJ-9.
blood mononuclear cells (PBMCs) in vitro.
MATERIALS AND METHODS
Chemicals Baicalin, baicalein and wogonin were purchased from Wako Pure Chemical Ind. (Osaka, Japan). Oroxylin A was contributed by Tsumura Co. (Tokyo, Japan). Medicarpin was kindly contributed by Prof. Nomura of Toho University. Liquiritigenin was isolated from Glycyrrhiza glabra. 7) Davidigenin was synthesized by hydrogenation of isoliquiritigenin. 8 Peripheral Blood Mononuclear Cell Culture PBMCs were separated from heparinized venous blood collected from healthy volunteers, as described previously. [9] [10] [11] The cells were suspended in RPMI-1640 medium containing 10% FBS, 100000 IU/l penicillin and 100 mg/l streptomycin at a density of 1ϫ10 6 cells/ml. Nine hundred eighty microliters of this cell suspension were placed into each well of 24-well flat-bottomed plates (Iwaki Co., Chiba, Japan), and twenty microliters of each test compound solution in ethanol were added at a final concentration of 10 mg/ml. Twenty microliters of ethanol were added into the control wells. For analyzing the effect of IFN-a on inducing apoptosis in human PBMCs, 20 ml of IFN-a solution in 0.1% albumin/PBS were added at a final concentration of 10 3 U/ml while 20 ml of 0.1% albumin/PBS were added into the control wells.
Fibroblast Culture A human lung diploid fibroblast strain (CCD-11 Lu; American Type Culture Collection) was used between the 5th and 12th subcultivations. The cells at a density of 1ϫ10 5 cells/ml were incubated in a culture medium consisting 1ϫMEM Eagle (MOD) with Eagle's salts without L-glutamine, 10% FBS, 1% 100ϫnon-essential amino acid for MEM Eagle and 1% L-glutamine. For maintenance of the cell cultures, the fibroblasts were seeded in 75 cm 2 flasks and cultured at 37°C in a humidified atmosphere of 5% CO 2 /air. The medium was changed every other day and the cells were subcultivated weekly.
Apoptosis Assay To evaluate the percentage of PBMCs and fibroblasts undergoing apoptosis, we performed flow cytometry analysis to detect phosphatidylserine-exposing cells as we described previously. 12) One milliliter of PBMCs suspension at a density of 1ϫ10 6 cells/ml in a binding buffer (10 mM Hepes/NaOH, pH 7.4, containing 140 mM NaCl and 2.5 mM CaCl 2 ) was incubated with 5 ml of Annexin V-FITC (PharMingen Co., San Diego, CA, U.S.A.) and 10 ml of 50 mg/ml propidium iodide (PI) (Sigma) at room temperature for 15 min. A total of 20000 non-gated cells were analyzed using a FACSCalibur analyzer (Becton Dickinson & Co., Rutherford, NJ, U.S.A.) to obtain dot plot data. These data were further calculated using CellQuest software (Becton Dickinson & Co.) to provide the percentage of cells undergoing apoptosis that were Annexin V-FITC positive and PI negative.
Lung fibroblasts from a confluent monolayer culture were trypsinized and resuspended in medium at a density of 2ϫ10 5 cells/ml. Nine hundred eighty microliters of this cell suspension were seeded in 24-well flat-bottomed plates (Iwaki Co.). In the cases of analyzing the effects of compounds on inducing apoptosis, 20 ml of each test compound solution in ethanol were added to give final concentrations of 0.1, 1.0 and 10 mg/ml, respectively. In the cases of analyzing the effects of IFN-a on inducing apoptosis, 20 ml of IFN-a solution in 0.1% albumin/PBS were added to give final concentrations of 10-10 4 U/ml, respectively. After being incubated at 37°C in 5% CO 2 /air, the cells were trypsinized, washed twice in ice-cold PBS, and then resuspended in the binding buffer (described above). The percentage of fibroblasts undergoing apoptosis was measured by the same examining manner as we carried out to calculate the percentage of apoptotic PBMCs.
Fibroblast Proliferation Assay Lung fibroblasts between the 5th and 8th subcultivations were used for examining the effects of the compounds on cell growth. Cells from a confluent monolayer culture were trypsinized and resuspended in medium at a density of 2ϫ10 5 cells/ml. Two hundred microliters of this cell suspension were seeded in 96-well flat-bottomed plates (Iwaki Co.) and the cells were incubated for 24 h. Then, the medium was removed and replaced with 196 ml of medium containing 0.1% FBS, and 4 ml of ethanol solution containing each test compound were added to give a final concentration of 10 mg/ml. Four microliters of ethanol were added into the control wells. The cells were incubated for 72 h at 37°C in 5% CO 2 /air. After the incubation period, the medium in each well was removed and the fibroblasts in the wells were treated with 10 ml of 0.25% trypsin at 37°C for 10-15 min, and then 100 ml of fresh medium and 10 ml of the MTT reagent (Roche Diagnostics Co.) were added. The cells were incubated for another 5 h. Subsequently, 100 ml of the solubilization solution (Roche Diagnostics Co.) were added into each well. The plate was allowed to stand overnight in the incubator. After checking for complete solubilization of the purple formazen crystals, the spectrophotometrical absorbance of the samples was measured using a microplate reader. The wavelength to measure absorbance of the formazan product was 570 nm, and the reference wavelength was 630 nm.
Fibroblast viability was detected by staining the cells with PI followed by a flow cytometry assay to obtain a histogram plot data. The percentage of viable cells was calculated using CellQuest software (Becton Dickinson & Co.).
Statistical Analysis All values obtained were expressed as meanϮstandard deviation (S.D.). Statistics were carried out with Bonferroni/Dun multiple comparison. Calculated p values of less than 0.05 were considered to be significant. Statistical comparisons were supported by 95% confidence intervals for differences.
RESULTS

Apoptosis Induction in PBMCs
The percentages of cells undergoing apoptosis in PBMCs cultured in the presence of baicalein and medicarpin were 28.31Ϯ3.51 and 30.49Ϯ2.46, respectively, which were significantly higher than the control value of 17.08Ϯ4.12% (pϽ0.05) (Fig. 2) . The other compounds did not show significant activity. The percentage of cells undergoing necrosis, or at the end stage of apoptosis, or already dead (Annexin V-FITC and PI positive) was about 30% in the controls after a 48 h incubation period, which was the same as the cells treated with the phenolic compounds (data not shown).
IFN-a had no effect on apoptosis induction in human PBMCs at a concentration of 10 3 U/ml for a 48 h treatment. Moreover, IFN-a and medicarpin showed no synergistic interaction on inducing apoptosis in human PBMCs.
Induction of Apoptosis in Human Lung Fibroblasts
The effects of the 7 phenolic compounds at the concentrations of 0.1, 1.0 and 10 mg/ml on inducing apoptosis in human lung fibroblasts were examined. At the concentration of 0.1 mg/ml, only baicalein demonstrated a significant effect on the apoptosis induction. Medicarpin revealed significant ability to induce apoptosis at 1 mg/ml for 96 h and 144 h treatment (pϽ0.05). 10 mg/ml medicarpin for 48, 96, and 144 h treatment also produced significant results (Fig. 3, pϽ0 .01, pϽ0.05). Baicalein (1 mg/ml), liquiritigenin (10 mg/ml) and davidigenin (10 mg/ml) (Fig. 3) were also observed significant activity after 96 h treatment (pϽ0.05). Whereas, baicalin, oroxylin A and wogonin did not show a significant apoptosis inducing effect in fibroblasts under our experimental conditions. None of the 7 compounds at a concentration of 10 mg/ml for a 24 h treatment, nor the compounds at a concentration of 1 mg/ml for a 48 h treatment increased the percentage of cells undergoing apoptosis (data not shown). The percentage of cells undergoing apoptosis induced by medicarpin showed time-and dose-dependent increases (Fig.  4) .
The effects of IFN-a on inducing apoptosis in lung fibroblasts were examined in a similar way. Cells were incubated with IFN-a at concentrations 10-10 4 U/ml for 144 h and then stained with Annexin V-FITC and PI. The percentage of cells undergoing apoptosis was detected by flow cytometry analysis. IFN-a had no significant effect on inducing apoptosis in lung fibroblasts under our experimental conditions. In order to confirm whether the 7 compounds and IFN-a show synergistic interaction on inducing human lung fibroblasts apoptosis, the cells were incubated with each of the 7 compounds at a concentration of 10 mg/ml in the presence of 10 3 U/ml IFN-a. The results showed that no significant synergistic effect was observed by combination of these agents (data not shown).
Cytostatic Effects on Human Fibroblasts
The effects of compounds from TJ-9 on the growth of fibroblasts were examined after a 72 h incubation period using MTT assay procedures (Fig. 5) . The growth of cells treated with medicarpin and baicalein were 72.9% and 88.6% of the control, respectively, which were statistically significant (pϽ0.01 and pϽ0.05, respectively).
The effects of medicarpin and baicalein on the viability of fibroblasts were also examined by staining the cells with PI and detected by flow cytometry analysis. Medicarpin and baicalein at 10 mg/ml significantly decreased the percentage of viable cells (pϽ0.01, pϽ0.05, respectively, data not shown).
Effects of Compounds on Cytokine Production
The concentrations of IL-1b, TNF-a and IL-6 in the cultured supernatants of PBMCs and fibroblasts were detected by use of ELISA kits. In the current experiments, the 7 compounds from TJ-9 did not induce human PBMCs and lung fibroblasts to secrete detectable amounts of IL-1b and TNF-a. IL-6 concentration was below the detection limit in the PBMC cultures and was not different from that of the controls in fibroblast cultures (data not shown).
DISCUSSION
Apoptosis is a form of programmed cell death that is characterized by a variety of morphological features, including changes in the plasma membrane such as loss of membrane asymmetry and attachment, cell shrinkage, chromatin condensation and chromosomal DNA fragmentation. Data from this investigation indicated that several compounds, especially medicarpin and baicalein, derived from human postadministrative urine of TJ-9 6) induced apoptosis in normal human lung fibroblasts and human PBMCs in vitro.
Fibroblasts play an important role in maintaining lung structure and function, and are also the primary cells responsible for the production of connective tissue elements. 13) In addition, it is recognized that alveolar fibroblasts may also be important in lung immunity, in regulating ventilation, perfusion relationship and thus gas exchange, and in providing the lung protection from proteolytic and oxidant injury.
14) Therefore, it is apparent that the number of fibroblasts within the intestitium is necessary for maintaining the alveolar structure.
Also, in progressive lung fibrosis, fibroblasts play crucial roles as not only target cells but also as pathogenesis-modifying cells. From in vitro and in vivo experiments of lung injury, Adamson et al. 15) suggested a reciprocal epithelial-fibroblast control system in the lung. The initiation of lung injury starts with the damage of endothelial and/or epithelial cells. 16) Damage to the pulmonary alveolar epithelium is repaired by type II alveolar epithelial cells, which proliferate and differentiate to replace both type I and type II pneumocytes. 17) The fibroblast is thought to be a positive modulator of this process through the synthesis of growth factors. 18) Thus, we hypothesized that the compounds derived from TJ-9 induced apoptosis in human lung fibroblasts (Fig. 3) may partly affect the epithelial type II cell proliferation and differentiation.
The compounds from TJ-9 that induced apoptosis in human PBMCs may affect the immune system (Fig. 2) . Human PBMCs release factors can modulate fibroblast functions to produce collagen, collagenase, and chemokines. 19) In the current study, the 7 compounds from TJ-9 did not induce human PBMCs and lung fibroblasts to secrete detectable amounts of IL-1b and TNF-a. The IL-6 level was below the detection limit in PBMC cultures, and was not significantly different from that of the control cultures in human lung fibroblasts under our experimental conditions. It should be mentioned that patients with hepatitis C on whom TJ-9 has been frequently used have multiple immunologic abnormalities including high level of serum IL-6. 20) Tomioka et al. 21) reported an autopsy case of interstitial pneumonia that was probably induced by TJ-9 administration. They speculated that the progression of interstitial pneumonia in this case might have been caused by chronic hepatitis C virus in combination with TJ-9-induced lung injury. In the current experiments, however, the PBMCs were from healthy volunteers, and further experiments should be addressed to examine cytokine production by these compounds from PBMCs of patients with hepatitis C. Although apoptosis has been implicated as one of the homeostatic mechanisms in the lung injury processes, it may play a role in two different ways. In one way, malfunction of the apoptosis mechanism may result in the onset of interstitial pneumonia. Repair after an acute lung injury requires the elimination of proliferating mesenchymal and inflammatory cells from the alveolar airspace or alveolar walls, 22) and failure to clear these unwanted cells by apoptosis will prolong the inflammation because of the release of toxic contents from these cells. In the other way, excessive apoptosis may cause extensive cell loss and lead to a failure to clear the apoptotic cell debris which results in the amplification of inflammation by the released cell contents. 23) For example, it has been reported that an injection of monoclonal anti-Fas antibody (Jo2) into adult mice caused fulminant hepatitis that was followed by hepatic failure and death. 24) Furthermore, it is believed that the development of pneumonitis is caused by the disruption of the balance between various cell populations of the pulmonary parenchyma. 16 ) Therefore, compounds from TJ-9 induced apoptosis in some kinds of cells in the pulmonary parenchyma may disrupt the balance and cause pneumonitis.
The MTT proliferation experiment showed that medicarpin and baicalein inhibited the proliferation of human lung fibroblasts (Fig. 5) . This result is consistent with the previous observation indicating that TJ-9 inhibited the proliferation of fibroblasts from healthy subjects and patients with idiopathic pulmonary fibrosis in vitro. 5) Medicarpin and baicalein also highly decreased fibroblast viability. Baicalein and medicarpin inhibited the proliferation of lung fibroblasts, which may be partly due to their significant effects on inducing fibroblast apoptosis. The effect of IFN-a on the proliferation of fibroblasts is uncertain. Carre et al. 25) observed that IFN-a inhibited the proliferation of fibroblasts; however, the another study showed that IFN-a had no growth modulating effect on fibroblasts.
26) The current study did not reveal that IFN-a itself induced apoptosis in lung fibroblasts and PBMCs, and it did not demonstrate synergistic interaction with any of the compounds derived from TJ-9 on inducing apoptosis in human PBMCs as well as lung fibroblasts.
Cells at different stages of apoptosis might co-exist, and the overall rate of cellular destruction might be very rapid. Therefore, it is quite possible that only a minimal percentage of cells undergoing apoptosis could be detected at any one time during the culture period. Additionally, the time lag for apoptosis induction also changed upon various stimuli even in the same cell line. For example, apparent changes in apoptosis of HL-60 cells were observed after 24 h in culture with tangeretin, whereas actinomycin D caused apoptosis in these cells within 6 h in culture. 27) Thus, in the current experiment, the cells were incubated with each of the 7 compounds from TJ-9 at varying doses and intervals before analyzing their effects on inducing apoptosis. The data of our present study showed that phenolic compounds, especially medicarpin and baicalein, detected in human urine after administration of TJ-9 induced apoptosis in human lung fibroblasts and PBMCs. These observations raise the possibility that phenolic compounds actually absorbed into the human body may be partly resposible for interstitial pneumonia resulting from TJ-9 therapy.
